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ABSTRACT
The analysis of four ch a ra c te r is t ic s  of the in teractions  of  
mesons having an average energy greater than 100 Bev with emulsion 
nuclei is described. The in terac tions  were obtained in the 
In ternatio na l Cooperative Emulsion F lig h t experiment. A portion of 
the experimental d e ta ils  of the experiment is presented. A new 
method of analysis to obtain the qu an tity  K ^ ,  the frac tio n  of the 
incident meson energy radiated as charged p a r t ic le  to ta l  energy in a 
meson-emulsion in te ra c tio n , is described and is used to obtain the 
resu lt  Kch = °  • 35 ± O.O5 . The dependence o f the mean m u l t ip l ic i t y  
of produced charged mesons on the energy of the incident p a r t ic le  
(meson or nucleon) was determined. The mean charged p a r t ic le  
m u lt ip l ic i t y  of 89 meson-emulsion in teractions  of average energy 
470 Bev was found to be 9*7 ± 0 . 7 . The mean charged p a r t ic le  
m u lt ip l ic i t y  of 13 nucleon-emulsion c o ll is io n s  at an average energy 
of 3100 Bev was found to be 11 ± 1. This re s u lt ,  in combination with  
resu lts  at other energies, indicates that the mean m u l t ip l i c i t y — 
energy re la tionsh ip  is not in disagreement w ith  the predictions of 
the s t a t i s t ic a l  theories. A discussion of the shape of the m u l t ip l i ­
c i t y  frequency d is tr ib u t io n  a t  constant incident energy is given.
By comparison w ith b e s t - f i t t in g  normal and logarithmic-normal 
d is tr ib u t io n  functions, i t  is concluded that the d is t r ib u t io n  is most 
l i k e ly  asymmetric about the mean. For the 89 meson-emulsion events
considered, i t  was found that the number of in teractions having an 
even number of outgoing charged p a r t ic le s  exceeded the number of 
in te rac tio n s  having an odd number of outgoing charged p a rt ic le s  by 
6o7o. On the basis of a te s t ,  th is  d is p a r i ty  is s ig n if ic a n t .  An 
explanation is attempted considering nuclear cascading and a 
possible excess of protons near the nuclear surface. From a simple 
c a lc u la t io n , the proton density a t  the surface of the typ ica l  
emulsion nucleus would be considerably higher than is expected from 
extensive experiments a t  lower energies. A discussion is given of a 
means of ca lc u la t in g  the e f fe c t iv e  target mass involved in very 
high energy c o ll is io n s  using only the q u an tit ies  usually determined 
in cosmic ray experiments, and the use o f the model is i l lu s t r a te d .
INTRODUCTION
The study of nuclear in teractions in the energy ranges above 
those a v a ila b le  a t the cy c lic  acce lera tor s ites  has been carr ied  
out in the las t  decade mainly by means of photographic emulsions 
exposed to the cosmic rad ia tion . The emulsion technique is the 
only method a va ila b le  at the present time capable of the d ire c t  
recording of de ta iled  features of the in teractions at these very 
high energies. U n t i l  recently, however, emulsion detectors were 
not large enough to allow a systematic study of the nature of 
in d iv id ua l high energy events or to allow the investigation  of the 
average behavior w ith  good s ta t is t ic s .  The small s ize  of the e arly  
emulsion detectors lim ited  the energy range of the investigation .
An a dd it ion a l disadvantage due to the small detector s ize was that  
the p o te n tia l  length for in terac tio n  in the detector was a small 
f ra c t io n  of the in terac tion  mean-free-path. Thus, the observations 
were usually  re s tr ic te d  to the angular d is t r ib u t io n  of the p a r t ic le s  
produced in the primary event and information on successive in te r ­
actions of the produced charged p a r t ic le s  could seldom be obtained. 
Also, the electromagnetic cascade due to  the decay of produced 
neutra l mesons could seldom be studied fo r  more than a few c e n t i­
meters from the primary event o r ig in .
Nevertheless, some important resu lts  were obtained using the 
smaller emulsion stacks. The in te ra c t io n  mean-free-path, the r a t io
ix
of the number o f neutra l to the number of charged p a r t ic le s  produced, 
the production rate  o f  non-pionic p a r t ic le s ,  the constancy of the 
average transverse momentum and the average m u l t ip l ic i t y  o f produced 
p a rt ic le s  were some of the q u a n tit ie s  determined to a f a i r  degree of 
accuracy. There remained, however, the problems of the estimation  
of the primary energy o f an event and the knowledge of the energy 
content of the electromagnetic cascade for ind iv idual events.
The problem of estim ating the primary energy was considered by
1 2 Dobrotin e_t a_l. and Lohrmann e t  £l_. in the energy range up to about
300 Bev. Dobrotin showed, using an ion ization  calorim eter in con­
junction w ith  a magnetic cloud chamber, that asymmetric emission of 
produced p a r t ic le s  occurs in the center of mass system of the 
nucleon-nucleon c o l l is io n .  Using r e la t iv e  Coulomb scattering  methods 
to  estimate the energy of fragments from the in teractions of high 
energy heavy n u cle i, Lohrmann found the average correction factors  
to  be applied to the widely-used Castagnoli formula for estimation  
of the primary energy from the angular d is tr ib u t io n  of the produced 
p a r t ic le s .
Composite stacks composed of intermixed layers of emulsion and 
high Z m ater ia l were developed for studying the electromagnetic  
cascade from high energy events.
The high Z m a ter ia l causes the cascade to develop in a shorter  
distance than i t  would in pure emulsion. Using th is  method, i t  is
*N. A. Dobrotin and S. A. Slavatinsky, Proceedings of the 
Tenth Annual Conference on High Energy Physics a t Rochester 
(In tersc ience Publishers, In c . ,  New Yorl<] i 960) p. 812.
p
E. Lohrmann, M. W. Teucher, and M. Schein, Phys. Rev. 122, 
672 (1961).
x
possible with r e la t iv e ly  small stacks to  fo llow  the cascade
development through i ts  maximum and thereby es tab lish  its  energy
content w ith  some c e rta in ty . E ffo rts  in this d ire c t io n  led to the
discovery of the change of the exponent of the 7-ra y  energy spectrum 
12at about 10 ev. Since these 7 -rays are the decay products of
neutra l pions produced higher in the atmosphere by primary nucleon
c o l l is io n s ,  the discovery suggests that e ith e r  the primary nucleon
14
in teg ra l energy spectrum changes at about 10 ev or the f ra c t io n  of
primary nucleon energy going in to  neutra l pions is suddenly reduced
14
at an incident e n e rg y o f about 10 ev. Extensive a i r  shower 
investigations have tended to deny the f i r s t  p o s s ib i l i ty  and one is 
l e f t  to  conclude that the nuclear in terac tion  process does change 
s ig n if ic a n t ly  a t th is  high energy. The p o s s ib i l i ty  tha t the excess 
energy goes into the charged meson component then needed to  be 
i nvestigated.
This was the s ta te  of a f f a i r s  in 1958 when Professor Marcel 
Schein of the U niversity  of Chicago conceived the idea for an 
experiment involving very large emulsion stacks which would allow  
one to observe both the cascade development and the in teractions  of 
the charged component simultaneously and thus investigate  the possible  
corre la tions  between the two. Improvements in balloon technology at  
th is  time allowed the large stacks to be flown to a lt i tu d e s  above 
100,000 fe e t  and thus escape most of the absorbing e f fe c ts  o f the 
e a rth 's  atmosphere. In the meantime, many laboratories were inv ited  
to jo in  an almost world-wide co llaboration  since the e f f o r t  required  
to analyze the events in such large stacks would require an
unprecedented number of workers. In i 960, the In tern a tio n a l  
Cooperative Emulsion F l ig h t experiment was organized and begun.
In what fo llow s, the experimental d e ta i ls  and a portion of the 
analysis w i l l  be discussed. P a r t ic u la r  emphasis w i l l  be placed on 
the investigation of the in te ra c tio n  ch a rac te r is t ic s  of the charged 
mesons which are produced in the primary events. This is the f i r s t  
cosmic ray experiment in which such a large number of very high 
energy pion-nucleus c o ll is io n s  is d i re c t ly  observable.
x i i
CHAPTER I 
EXPERIMENTAL PROCEDURE
Two emulsion stacks were prepared fo r  the In tern a tio n a l  
Cooperative Emulsion F ligh t experiment.* Each stack was composed 
of 500 sheets of I l fo r d  G-5 emulsion, 0 .6  mm th ick  and 45 am wide 
by 60 cm long, making a so lid  block of detector 45 x 60 x 30 crn^  or 
over 80 l i t e r s  in volume. This large size was necessary fo r  a 
reasonable p ro b a b il i ty  of detecting very high energy primary events 
and fo r  a sizeable f ra c t io n  of secondary p a r t ic le s  (mostly rt-mesons) 
produced in the primary c o l l is io n  to  in te ra c t before leaving the 
stack.
The two stacks were assembled and packed in two balloon  
gondolas a t  the U n ivers ity  of Chicago. They were then trans­
ported to Norfolk, V irg in ia ,  and placed w ith  th e ir  balloons 
aboard the a i r c r a f t  c a r r ie r  U.S.S. Valley  Forge. The balloons 
used to f l y  the stacks were o f  a type recently  developed, having a 
capacity o f ten m il l io n  cubic feet and were intended to carry  th e ir  
payloads to above 100,000 fe e t  and remain a t  such a lt i tu d e s  fo r  
about 40 hours.
^Hereafter, th is  pro ject s h a ll  be denoted simply as the 
ICEF pro ject.
2I .  EXPOSURE AND PROCESSING OF THE STACK
In January, 19^0, an expedition was carr ied  out in the 
Carribean Sea in which one of the stacks was flown twice and received 
considerable exposure to the high a l t i tu d e  cosmic rad ia tion . The 
f l i g h t  curves of th is  stack are shown in Figure 1.
The successfully  exposed stack was returned to the University  
of Chicago to  await development in the large laboratory b u i l t  there 
e s p e c ia lly  fo r  processing such large emulsion stacks.
At th is  point the experiment was temporarily halted because of 
the sudden death of Professor Schein. The co llaboration  then 
obtained the services of a recognized a u th o rity  on processing, 
Professor G. P. S. O cch ia lin i. Professor Occhialini undertook the 
considerable task of d ire c t in g  the mounting on glass, development, 
and drying of the emulsions. The standard Brussels processing
p
procedure was followed. When the plates were dry, they were each 
cut in to  twelve sections in a s ize convenient for use on a 
measuring microscope.
(The second stack was launched in June, i 960, from the Glynco 
Naval A ir  Station in Georgia. Unfortunately, due to a fa i lu r e  in 
the descent control mechanism, the stack was lost over the P ac if ic  
Ocean a f te r  about one week's exposure.)
2
Procedural d e ta i ls  o f the processing of the stack are 
contained in a paper describing the ICEF experiment to be published 
in Nuovo cimento.
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FIGURE 1
THE FLIGHT CURVES OF THE ICEF STACK
kI I .  DISTRIBUTION OF THE PLATES
The remainder o f the experiment was coordinated by Professor 
M. Koshiba of the U niversity  of Chicago.
The co llabora ting  members of the ICEF experiment met at  
B r is to l ,  England, in July, I960, to discuss the method of analysis  
and to make the d is trbu tion  of the p la tes . A procedure of analysis
was agreed upon and the analysis s ta rted .
I I I .  SCANNING
Since extremely high energy events were desired, i t  was 
s u f f ic ie n t  to scan the plates  w ith the naked eye. When the plates  
are uniformly illum inated from behind, the dark streaks caused by 
the electromagnetic cascades (due to produced neutra l jt-mesons) can 
be seen. A l l  plates were scanned twice in th is  way. For measurement 
ease in the subsequent ana lys is , only those events which had a 
length per p la te  greater than or equal to two m ill im eters  were 
accepted.
Table I l i s t s  the number and type of in teractions found in the 
scanning for primary events.
•3
^Appendix A contains a l i s t  of the members of the ICEF 
co llabora tion .
5TABLE I 
NUMBER OF PRIMARY EVENTS
Singly Charged Primaries (p) 51
Neutral Primaries (n) 6
Helium Primaries (0!) 16
Primaries of Z >  2 (H) 9
Events o r ig in a tin g  outside the stack 6
Pure Electromagnetic Cascades 75
Once the nucleonic primary events that s a t is f ie d  the above 
acceptance c r i t e r i a  were located, they were scanned on the micro­
scope along the d irec t io n  of the incident primary from the po int of 
in te rac tio n  to the point where the electromagnetic cascade could no 
longer be used to define the d ire c tio n  of the shower. Secondary 
events, i . e . ,  those events induced by the p a r t ic le s  produced in the
primary event, were recorded i f  they were w ith in  a cone of h a lf -a n g le  
*** 32 .5  X 10 J radians about the primary d ire c t io n , and i f  they had a 
charged p a r t ic le  m u l t ip l ic i t y  o f seven or more. The number of 
charged induced events found in this manner was 338 and the number 
of neutra l induced events was 125-
Almost a l l  o f  the acceptance c r i t e r i a  l is te d  above introduced 
c e rta in  biases in the c o lle c t io n  of primary and secondary events 
obtained. These biases w i l l  be considered la te r  and, whenever 
possible, corrections w i11 be introduced in the p a r t ic u la r  analysis  
with which they are concerned;
6IV. MEASUREMENTS MADE ON THE EVENTS
The fo llow ing q u an tit ie s  were determined for” each of the 
acceptable primary and secondary in terac tions  whenever possible:
(1) Nature of the primary— p, n, a , or Hj
(2) Number of evaporation tracks— N^;
(3) Number of emitted minimum ion iz ing  p a r t ic le s — ng>
(4) The laboratory angles, 0 . ,  of each of the emitted
minimum ionizing p a r t ic le s  w ith  respect to the d irec tion  
of the primary. (The d ire c t io n  of the primary defines 
the axis of the meson shower or j e t . )
(5) For secondary in te rac tio n s , the angle, 0 g, between the 
in i t ia t in g  secondary p a r t ic le  and the axis of the primary 
event, and the distance, Lg, of the secondary in teraction  
from the primary event.
The m ajority  of the conclusions made in the following  
discussions are based on the knowledge of these q u an tit ies  fo r  a 
c o lle c t io n  of events. Other q u an tit ie s  were determined fo r  the 
primary events, such as the density of tracks due to the e le c tro ­
magnetic cascade. Since they w i l l  not be used d i r e c t ly  in th is  
analys is , the reader is re fe rred  to the ICEF pub lication  for further  
d e ta i Is .
V. PARAMETERS CHARACTERIZING THE INTERACTIONS 
The Parameter Eg
The mean transverse momentum <  pt  >  of p a r t ic le s  emitted from 
nuclear in teractions has been studied extens ive ly  in accelerator
4 -7experiments as w e ll as in cosmic ray experiments. One of the 
most s ig n if ic a n t  of these studies was the extensive investigation  
of the jt° meson component of high energy in teractions using the
g
emulsion chamber. This study showed that the d is t r ib u t io n  of pt  
fo r  49 ind iv idual showers had a mean value of O.37  Bev/c and a 
standard deviation of 0 .13 Bev/c.
Some conclusions from the many experiments done to determine 
the value of <  pfc >  are that:
(1) The.mean value of pt is about 0 .4  Bev/cj
(2) The mean value of pt  is constant, independent of p a r t ic le
type, angle of emission and laboratory energy;
(3 ) The mean value of p  ^ is constant, independent of primary
energy over the vast energy range from 10*°  ev to 10^  ev.
These remarkable results can be used to estab lish  an energy 
estimate of p a r t ic le s  emitted from in teractions in th is  experiment.
One defines the energy estimate Eg as
F 0 .4  Bev 0 .4  Bev . v
H  ~ sin 0 ** 0 •s s
4
M. Schein, D. M. Haskin, E. Lohrmann, and M. W. Teucher,
Phys. Rev. 116, 1238 (1959)* This paper contains many more references
Hansen and W. F re tte r ,  Phys. Rev. 118, 812 ( i 960) .
g
V. P e t r iz i lk a ,  Proceedings of the Tenth Annual Conference 
on High Energy Physics a t  Rochester (In terscience Publishers, In c . ,
New York, 19o0), p. 82.
7'G. Cocconi, Proceedings of the Tenth Annual Conference on 
High Energy Physics a t  Rochester (In tersc ience Publishers, In c . ,  New 
Y o r k /1 9 6 0 ) ,  p. 799-
g
0. Minakawa, Y. Nishimura, M. Tsuzuki, H. Yamanouchi, H. Aizu
H. Hasegawa, Y. Is h i i ,  S. Tokunaga, Y. Fujimoto, S. Hasegawa, J.
Nishimura, K. Niu, K. Nishikawa, K. Imaeda, and M. Kazuno, Suppl.
Nuovo cimento J_l, 125 (1959)*
8I t  is obvious that Eg is not a ffec ted  by the type o f in terac tio n  
which the p a r t ic le  may la te r  produce. The accuracy of th is  energy 
estimate is d i re c t ly  dependent on the accuracy with which 0 g is 
determined. I t  would be ideal i f  0 g could always be measured with  
respect to the d ire c t io n  of the primary p a r t ic le ,  since th is  defines 
the axis of the meson shower. However, th is  is not always possible  
in the case of proton induced in te rac tio n s , e s p e c ia lly  a t large  
distances from the o r ig in  o f the primary event, and th is  is never 
possible in neutra l induced events. However, in the in teractions  
of a  p a r t ic le s  and heavy primaries the axis is usually  w e ll defined  
since in such cases there o ften  are fragments o f the incident heavy 
primary or a  which continue a f te r  the in te ra c tio n  in very nearly the 
same d irec t io n  as the primary and which can be used to es tab lish  the 
position of the shower ax is . In proton and neutra l induced events 
the position of the shower axis is usually  estimated by observing 
the dense electromagnetic cascade resu lt in g  from the decay of J a ­
mesons. This method of es tab lish ing  a reference d ire c t io n  is less 
desirabild since i t  depends on the laboratory angular d is tr ib u t io n  
of the produced jt°-mesons and on the f lu c tu ations  in the longitud inal 
development of the cascades from various o r ig in a l  jt°-mesons. Also, 
estab lish ing the position  o f the center of the cascade is sometimes 
d i f f i c u l t .  Thus, i t  appears wise to maintain some minimum l im i t  on 
0g, beyond which the accuracy o f Eg is in serious doubt. In th is  
work, angles less than 2 x 10 radians have been taken to be 
un re lia b le . An upper l im i t  on 0 g is due to the scanning cone size  
described previously, 2*5 x 10 J radians. Then only values of Eg
9in the range:
Bev = 160 Bev <  Efl <  2000 Bev = ■° - . Bev gmax — 0 — gin 1 n
s s
can be considered.
The Parameter E ,----------------------------ch
Another energy estimate which makes use of the properties of 
<  Pt  >  described above is E defined by
F -  t; ° - ^  Bev  ( ? )
ch “ j sin 0 . ’ {2)1 1
where the summation is ca rr ied  out over a l l  the angles, 0 . ,  of the 
emitted charged p a r t ic le s  in an in te ra c tio n . This quantity  gives an
estimate of the energy radiated from an in terac tion  as charged
p a r t ic le s .  Inaccuracy in the determination of the 0 . values w i l l  
in fluence E ^ ,  e s p e c ia lly  i f  0 . is very small. I f ,  in a given event, 
the shower track having the smallest angle gives a contr ibu tion  to  
Ech 9 rea te r  t *ian t *le sum t i^e contributions from the remaining 
tracks, then the track was regarded as being due to the surviving  
primary p a r t ic le  and its  contribution was not used in the summation. 
For the singly-charged and neutral events, one such track was 
deleted from the E ^  summation in approximately 11 out of 57 primary 
events and approximately k2  out of 390 secondary in terac tions . For 
the in terac tions  of m ultiply-charged p a r t ic le s ,  the tracks a t  the 
smallest angles carrying a to ta l  charge equal to  that of the 
incident p a r t ic le  were omitted.
10
The value of is expected to be rather in sens it ive  to  the
secondary nuclear cascading inside the ta rg e t nucleus. This is
thbecause the e f fe c t  of an a d d it io n a l in te ra c tio n  of the i produced
p a r t ic le  (with emission angle 0 . )  is to replace a term O.k Bev/sin 0.
in Eq. (2) by a term E (0 .4  Bev/sin ®j j ) where 0 . j  is the angle of 
th *emission of the j  charged t e r t ia r y  p a r t ic le  w ith  respect to  the
t  hd irec tio n  of the i p a r t ic le .  As w i l l  be shown la te r ,  the ra t io  of 
th is  term to the term i t  replaces is about 0.35* The charged p a r t ic le  
m u lt ip l ic i t y ,  ng, however, would be expected to increase somewhat due 
to cascading in the ta rg e t  nucleus.
The Castagnoli Energy, JE
An estimate o f the energy of a p a r t ic le  in i t i a t in g  an in te rac tion  
can be made from the d is t r ib u t io n  of the laboratory angles 0 . of the 
shower p a r t ic le s  emitted from the in te ra c t io n  using the formula of
9
Castagnoli e t  a l . ,
log y = -  Z log tan 0 . (3a)3 'c  n : i 's 1
and
Ec = -  1) (3b)
where M is the nucleon mass. Here y  is taken to be the Lorentz' c
fac to r of the system in which the produced p a r t ic le s  are emitted  
symmetrically forward and backward.
One of the assumptions (the spectrum independent approximation) 
used in the deriva tion  of Eq. (3a) is that the v e lo c it ie s  p. of the
Q
C. Castagnoli, G. C o r t in i ,  D. Moreno, C. F ra n z in e tt i ,  and 
A. Manfredini, Nuovo cimento JT), 1539 (1953)*
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charged p a r t ic le s  in th e ir  symmetry system are close to Pc , the 
laboratory v e lo c ity  of th is  system. Furthermore Eq. (3b) is an 
approximate form of
1) + 7 C \ j  ( 7 *  -  1) + ( ^ ) 2 ] ( 3 0
where M. and Mt are the masses of the incoming and ta rg e t p a r t ic le s ,  
resp ective ly . Therefore, the use of Eq. (3b) w ith  the nucleon mass 
M gives the correct energy only when:
(1) The angular d is t r ib u t io n  of the emitted charged p a r t ic le s  
possesses forward-backward symmetry in the center of mass 
system of the a c tu a lly  c o l l id in g  p a r t ic le s ;
(2) The spectrum-independent approximation is s a t is f ie d ;
(3) The ta rget is a c tu a lly  a nucleon (regardless of the 
incoming p a r t ic le  mass, provided 7C »  1)*
Hence, even i f  conditions ( l )  and (2) are s a t is f ie d ,  i f  the e f fe c t iv e
mass of the actual target is d i f fe r e n t  from M, the estimate of the
energy given by Eq. (gb) w i l l  be in e rro r  by a fac to r  Mt /M. This
point w i l l  be considered la te r  in more d e ta i l .
E was calculated from Eqs. (3a) and (3b) fo r a l l  the primary 0
and secondary events which had a.measurable angular d is t r ib u t io n
of produced charged p a r t ic le s .  The same tracks with small values
of 0 . which were deleted in the E , ca lcu la tio n  were also omitted i ch
in the ca lcu la t io n  of Ec« A value of E ^  and Ec could be ca lculated  
fo r  288 charged induced and 101 neutra l induced events out o f a 
t o ta l  of ^63 events obtained in the scan for secondary in terac tions .
12
V I . SUMMARY
The above parameters along with the m u l t ip l ic i t y ,  ng, of
charged shower p a r t ic le s  w i l l  be used in the next chapter in
discussing some systematics of the in terac tions . P a rt ic u la r
emphasis w i l l  be placed on the nature of the secondary in teractions.
One important re s u lt  w i l l  be obtained using the corre lations
between Efl and E . .  Another is obtained from the r a t io  E , / E  . In y cn cn c
general, no parameters w i l l  be used other than those introduced 
above. However, th is  does not imply tha t no other studies are 
possible. Other in te rp re ta t io n s  of the a v a ila b le  data are being 
made and w i l l  be found in the ICEF pub lication  mentioned previously.
CHAPTER I I
SOME INTERACTION SYSTEMATICS IN COSMIC RAY EVENTS
The fo llow ing topics w i l l  be discussed in th is  chapter:
(1) Determination of the in e la s t ic i t y  of the secondary 
i nteractions;
(2) Charged p a r t ic le  m u l t ip l ic i t y — primary energy re la t io n ;
(3) Charged p a r t ic le  m u l t ip l ic i t y  frequency d is tr ib u t io n s ;
(4) Determination of the e f fe c t iv e  target mass involved in
the secondary c o l l is io n s .
Each of these topics has an in tim ate re la tionsh ip  to the 
nature o f the in te ra c tio n  process, and would be involved in any 
model or theory developed to describe high energy in terac tio n s .
Throughout, frequent comparison w i l l  be made with the data on 
proton-emulsion in teractions at 30 Bev. This data has been kindly  
supplied by Professor J. J. Lord of the U niversity  of Washington.
I.  THE DETERMINATION OF «ch
In an in terac tio n  the fra c t io n  of the incident energy which is 
radiated as charged p a r t ic le s  w i l l  be defined to be K To 
determine <  >  one requires a s ig n if ic a n t  s t a t i s t i c a l  sample of
events since Kch is  expected to vary somewhat from event to event. 
One also requires a knowledge of the primary energy of the event 
and a knowledge of the energy radiated from the event as charged
13
p a r t ic le s .  A l l  these requirements are met in the c o lle c t io n  of  
secondary events found in the ICEF experiment. For the incident  
energy Eg w i l l  be used, and for the energy radiated, E ^ .  * Since 
there are several hundred events, the results should be s ig n if ic a n t .  
Defi ni ng
Kch - i f  ' WC7
i t  can be seen that one way to obtain the mean of would be to
choose the best f i t  to the points on a p lot of log E  ^ versus
log Eg, requiring that the f i t t e d  l in e  have a slope of unity . I t
should be mentioned a t  th is  point that the value of K  ^ obtained from
Eq. (4) is not dependent on the value of <  pt >  taken. I t  is ,
however, dependent on <  p  ^ >  being constant. Also, i f  the discussion
given in Chapter I concerning nuclear cascading is v a l id ,  the value
of K  ^ should not depend on the type of in terac tion .
In th is  determination, events w ith  a number of evaporation
prongs, N^, less than three were not used since i t  appears tha t these
events were d iscrim inated against in the type of area scanning used
to locate the secondaries. Figure 2 shows the obvious defic iency in
low events in the ICEF secondaries as compared to the 30 Bev data
2and the data on ICEF and "Texas Stack" primary events.
The average value of K  ^ was f i r s t  determined for the events 
with 3 <  <  6 and fo r  the events with >  7 . In finding the
Appendix B contains a discussion of the incorrectness of  
using a c o rre la t io n  p lo t of E . versus E to obtain the frac t io n  of 
energy radiated as charged p a r t ic le s .
2A. G. Barkow, B. Chamany, D. M. Haskin, P. L. Jain, E. 
Lohrmann, M. W. Teucher, and M. Schein, Phys. Rev. 122. 617 ( 1961).
15
3 0  Bov P ro to n s  (1017 events)200
too
a
50
a  IC E F  Prim aries ( 5 7  e v e n ts )  
os Texas Prim aries ( 5 7  cven+s)
20
No
50
IC E F  Socondaries (4 6 ©  events)40
30
eo
so
FIGURE 2
N, DISTRIBUTIONS AT 30 BEV, 3000 BEV AND 
n AT ICEF SECONDARY ENERGIES
16
average of K  ^ fo r  these groups, events wi th Eg greater than 2000
- kBev (corresponding to 0 g less than 2 x 10 radians) were not used
as described in Chapter I .  Also those events w ith  Eg less than
160 Bev were not used since they were outside the scanning l im its
and did not represent a complete sample. These events a t .low Eg
are a lso  the ones most influenced by the acceptance c r i te r io n  fo r
ng. Because i t  was necessary to make these cutoffs  on the values
of Eg used, i t  a lso was necessary to make corresponding cu to ffs  on
the values of E  ^ used. This was done as follows: The p ro p o rt io n a l ity
of Efl to  E , was assumed, that is 0 ch 7
Ech = KchE0 *
Then the value of K  ^ was found which gave the best least squares 
f i t  to  the lf5°  l in e  on the log Eg -  log E  ^ p lo t a f te r  de le tio n  of  
points having
and points having
Ech <  Kch x 160 Bev
E . >  K . x 2000 Bev. ch ch
Points corresponding to 0 g values that had been determined from 
measurement with respect to a multiply-charged fragment or from 
accurate measurement w ith  respect to the tracks in the primary 
in te ra c t io n , can be considered to be more re l ia b le  and thus were 
given twice the weight in the f i t t i n g  procedure o f those points 
having 0 g values measured with respect to the cascade center. The 
log Eg— log E ^  c o rre la t io n  diagrams used and the d is tr ib u t io n s  of  
1°9 obtained are shown in Figure 3* The f i r s t  two rows of 
Table I I  summarize the resu lts  of th is  part of the analysis .
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TABLE I I
RESULTS OF THE K h DETERMINATIONS
Number of 
Heavy Prongs
Tota l Number 
of Events n" < K .  > * *ch
Eq Range 
(Bev)
<  E0 >
Nh = 3 A  5 ,6 50 13 0.29 ± 0 .05 <  Kch <  O.35 ± 0.05 160-2000 560
Nh > 7 56 11 0.26 + 0 .04  <  K . <  0 .42  ± 0 .04  — ch — 160-2000 420
Nh > 3 62 16 O.35 ± 0.05 260-1300 520
Nh > 3
and
L <  20 cm. s — 40 16 O.35 + 0.05 260-1300 560
"'Number of events fo r  which 0 was determined from measurement w ith respect to  a m u lt ip ly  
charged fragment or with respect to  primary in terac tio n  tracks.
"Errors quoted are s t a t i s t i c a l  errors  only.
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The observation that <  K  ^ >  is the same, w ith in  the errors  
quoted, fo r  events w ith  3 ^  <  6 and events with >  7 shows that
the parameter is rather insens it ive  to secondary nuclear cas­
cading inside the struck nucleus. Because of th is ,  the analysis was 
repeated using a l l  the events with >  3* With the greater number 
of events a v a i la b le ,  the En values of events used were required toC7
l i e  in the more re s tr ic te d  in te rv a l 260-1300 Bev in order to b e tte r  
e lim inate  the biased events a t  low energies and the events with  
u n re lia b le  0 g values a t  high energies. The resu lt  obtained is
<  Kch >  = 0-35 ±  0 . 05.
Some t e r t i a r y  in terac tions  were c e r ta in ly  included in the sample 
of "secondary" in terac tions . In order to  reduce th is  contamination 
and hence reduce any e f fe c t  on K  ^ which this contamination might 
produce, <  K  ^ >  was determined again by the methods ju s t  described 
but using only events which occurred a t distances less than 20 cm. 
from the primary in te ra c tio n . E ssen tia lly  the same value of
<  K  ^ >  was obtained fo r  th is  group as for the previous groups.
Therefore, i t  can be concluded that for the in teractions of 
mesons on emulsion nuclei in the energy range 3OO-I3OO Bev, <  K  ^ >
= O.35  ±  O.O5 . The resu lts  o f these analyses are also summarized 
in Table I I .  The log E0 — log E  ^ c o rre la t io n  diagrams used and the 
d is tr ib u t io n s  of log Kch obtained are shown in Figure 4.
^Appendix C contains a simple one-dimensional ca lcu la tio n
which suggests that approximately 14% of the "secondary" in teractions
with  L <  20 cm. are t e r t i a r y  in teractions ,  s — '
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Now that a value of K  ^ has been obtained for the secondary 
in te rac tio n s , i t  is possible to use the quantity
E . - ! * & _
P < K c h >
as an estimate o f the primary energy of these in tera c tio n s . This 
estimate should be preferable  to the estimate obtained by the 
Castagnoli formula, since i t  has been shown that the Castagnoli 
formula gives values fo r the energy as much as ten times greater or
If
ten times less than the true energy. The fluctuations  of E  ^ about 
the true energy radiated as charged p a r t ic le s  are not expected to be 
so great. One can show, using the re la tions  presented in Appendix 
B, that
5 log Ech _  _1 5 log Ec 
^ log <  0 > ~  2 5 log <  0 >
where n is held constant. Therefore, in some of the fo llow ing  s
discussions the quantity  > w i l l  be taken as the incident
energy.
Assuming the energy spectra of the charged and neutra l p a r t ic le s
produced in an in terac tion  to be the same and taking (1 .64  + 0. 05)ns
5
to be the to ta l  number of produced p a r t ic le s ,  one finds the to ta l
in e la s t ic i t y ,  K, to be
K = 1.6h Kch
or
K = 0 .57  + 0.1  .
L
E. Lohrmann, M. W. Teucher, and M. Schein, Phys. Rev. 122,
672 ( 1961) .
5
^See fo r  example: D. H. Perkins, Progress in Elementary
P a r t ic le  and Cosmic Ray Physics (In terscience Publishers, In c .,  New 
York, i 960) ,  Chapter IV, p. 265.
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I I .  THE DEPENDENCE OF THE MULTIPLICITY ON THE ENERGY
An Important re s u lt  in most p a r t ic le  production experiments a t  
high energy is the value o f  the mean m u l t ip l ic i t y  a t the mean energy 
of the experiment. In the case o f  acce lera tor experiments the 
incident energy is f ix e d  and is w e ll  known. The mean value of 
m u lt ip l ic i t y  is then obtained from a large sample of events and is 
usually q u ite  r e l ia b le .  The resu lts  from the accelerator experiments 
serve to estab lish  w ith  c e r ta in ty  the form o f the functiona l  
re la tionsh ip  between <  ng >  and the incident energy, E^. However, 
with present accelerators the range of incident energies is lim ited  
in the case of proton-nucleon c o ll is io n s  to less than 30 Bev and in 
the case o f pion-nucleon c o l l is io n s  to less than 16 Bev. I t  is 
necessary to  use cosmic ray data i f  one wishes to determine the 
re la tionsh ip  at higher energies.
In th is  section the resu lts  o f the ICEF experiment w i l l  be used 
to  obtain another va lue of <  ng >  a t  <  E  ^ >  in the very high energy 
region for pion-emulsion in te rac tio n s . Also the value of the mean 
m u lt ip l ic i t y  for nucleon-emulsion c o ll is io n s  a t  the energies of 
30 Bev and about 3000 Bev w i l l  be obtained. Each of these values 
w i l l  be compared w ith  values (when these are a v a i la b le )  obtained a t  
s im ila r  energies and a t d i f fe r e n t  energies in order that the mean 
m u lt ip l ic i t y — incident energy re la tio n sh ip  may be determined.
In the case o f pion-emulsion in terac tio n s , the mean energy of 
the events w i l l  be taken to  be the geometric mean of the qu an tity ,  
W *  Kch >« as discussed in  the previous chapter. The 30 Bev 
results fo r  proton-emulsion c o ll is io n s  w i l l  be obtained from the
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acce lera to r  data supplied by Professor J. J. Lord. The 3000 Bev 
resu lts  are obtained from the analysis of the in terac tions  of s in g ly -  
charged or neutral fragments due to the break-up of heavy primary 
n u cle i. I t  is possible in the case of the fragment in teractions  to  
obtain a rather accurate energy estimate. Since a l l  the nucleons 
which re su lt  from the d is in te g ra tio n  of a heavy primary nucleus have 
e s s e n t ia l ly  the same energy, one can combine the Castagnoli estimates  
fo r  each and determine the common energy of the fragments much more 
accurate ly  than would be possible fo r  a s ingle  nucleon.
Although most papers on this subject report the a r ith m etic  mean 
of a given sample of ng values, the shape of the frequency d i s t r i ­
bution of ng obtained from the ICEF secondaries suggests that a 
geometric mean be used. For comparison, both the geometric and 
ar ith m etic  means w i l l  be calculated whenever possible and reported 
in tabular and graphical form in the fo llow ing discussion.
The Mean M u l t ip l ic i  ty of the Charged Secondary In te ra c t i  ons
Above the accelerator energy of 16 Bev the knowledge of the 
d is tr ib u t io n  and mean of the charged p a r t ic le  m u l t ip l ic i t y  fo r  pion- 
nucleon in teractions is very lim ited . Cosmic ray studies, which are 
the only source of information on the properties of these in terac tio n s ,  
have provided only small samples of data from which the mean m u l t ip l i ­
c i t y  could be extracted. The "Texas Stack", with a sample s ize of 13
unbiased secondary events, gives an a r ithm etic  mean of n « 9 .0  + 2 .5
s ”
for <  5 and a t  a mean energy of about 100 Bev.^
In th is  study, the number of secondary events is considerably
greater. However, one must account fo r  the biases introduced in the
scanning. The type of area scanning used to locate the events
introduces a bias in favor of higher n values when N. is low. Thes h
e f fe c t  of the acceptance requirement that ng be greater than s ix  must
also be considered. I t  is  possible to make corrections for each of
these influences and thereby obtain a value for the mean m u l t ip l ic i ty
which should be rather r e l ia b le .
The bias toward f in d ing  events with high ng when is low during
the area scanning can be corrected by accepting only those events
with >  2, since i t  was shown in Figure 2 that these events are a
typ ica l sample. I t  is usually  assumed that is a measure of the
amount of nuclear cascading in the ta rg e t nucleus (which tends to
increase n ) ,  hence one must r e s t r ic t  N. to low values whenever s "  h
possible. Thus, the range of from 3 to  6 was used in determining 
<  ng >. The value of mean m u l t ip l ic i t y  thus obtained w i l l  s t i l l  be 
somewhat greater than th a t  fo r  pion-nucleon in teractions at a s im ila r  
energy.
The requirement that ng be greater than s ix  w i l l  c e r ta in ly  cause 
the mean of ng to be too high i f  no corrections are made. I t  is 
possible to correct fo r th is  bias in an approximate way using the
A. G. Barkow, B. Chamany, 0. M. Haskin, P. L. Jain, E. 
Lohrmann, M. W. Teucher, and M. Schein, Phys. Rev. 122. 6 l j  ( ig 6 l ) .
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7results of Barkow e t  a l . 1 They found in a scan along the tracks of
charged secondaries that 33%  of the events w ith  <  5 had values of
ng <  6 a t  about 100 Bev. Also in th e ir  study, 16% of the primary
events w ith  = 3 to 6 have ng <  6 at a mean energy o f  3500 Bev. I f
one then in terpolates  between 100 Bev and 3500 Bev, one finds th a t  at
the mean energy of the ICEF secondaries the approximate percentage of
events which were omitted due to the c r i te r io n  n >  7 is 269b. Thes —
applica tion  of th is  correction procedure is shown in Figure 5 which
gives the frequency d is tr ib u t io n  of ng for the ICEF secondary events
used in th is  analysis . The shaded area represents those events which
were smoothly added to correct fo r  the se lection c r i te r io n ,  ng >  7 .
Using the above correction procedures, the value of mean
m u l t ip l ic i t y  was obtained fo r  89 events induced by charged secondaries.
No correction was made for the presence of re c o il  nucleons among the
emitted charged p a r t ic le s .  This correction would lower <  ng >  by
about 0.5* The e f fe c t  of nuclear cascading is also o f importance
but is d i f f i c u l t  to estimate. Therefore the value of <  n >  obtaineds
should be considered a s l ig h t  over-estim ate. I t  is known that a great 
m ajority  of the charged secondary p a r t ic le s  are pions. Thus, the 
value of mean m u l t ip l ic i t y  obtained should be c h a ra c te r is t ic  of p ion-  
nucleon c o ll is io n s  a t the mean energy of the ICEF secondary events.
T lb id .
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O
The re su lt  is <  ng >  = 9 *7  + 0 -7  a t a mean energy of 47O Bev.
This resu lt together w ith  the values of <  ng >  obtained a t
9-11accelera tor energies are presented in Table 111.
By comparison with the resu lts  obtained at other energies, one
can estab lish  the dependence of <  ng >  on primary energy up to about
500 Bev. Figure 6 shows that th is  energy dependence is in agreement 
1/4with the E dependence predicted by the s t a t i s t ic a l  model of
12p a r t ic le  production.
The Mean Multi p i ic i  tv  of the Nucleon In teractions
An estimate of the mean m u l t ip l ic i t y  of charged p a r t ic le s  
produced in nucleon-nucleon c o ll is io n s  a t energies around 3000 Bev 
can be made from the ICEF data on in terac tions  of fragments, fo r  
which rather re l ia b le  energy estimates have been obtained.
The fragment in teractions used fo r  th is  estimate were those 
having <  5 and which were induced by e i th e r  a singly-charged  
p a r t ic le ,  a neutra l p a r t ic le  or a helium nucleus. In the case of
Q
The e rro r  was determined from the standard deviation of the
log n d is tr ib u t io n ,  s
^H. H. A ly, J. G. M. Duthie, and C. M. Fisher, P h il .  Mag. 4, 
993 (1959).
10V. P e t r iz i lk a ,  Proceedings o f the Tenth Annual Conference on 
High Enerqy Physics a t  Rochester (Tnterscience Publishers, In c . ,  New 
Ybfe / 195oT , > 8 2 : ----------------------
**S. J. Goldsack, L. R idd iford , B. T a l l i n i ,  B. R. French, W. Vf. 
Neale, J. R. Norbury, I .  0. S k i l l ic o r n ,  W. T. Davis, M. Derrick, J. H. 
Mulvey, and D. Radojic ic , NUovo cimento 22., 941 (19o2).
^ E .  Fermi, Progr. Theoret. Phys. (Kyoto) 570 (1950).
TABLE I I I
AVERAGE MULTIPLICITIES IN PION-NUCLEUS COLLISIONS 
AS A FUNCTION OF ENERGY
Energy Number 
of Events
N  ^ Group Arithm etic  Mean Geometric Mean Detector Reference
4-5  Bev 200 Nh > ° 2.1 + 0.09 1-9 ± 0.09 Emulsion 9
7-0 Bev 535 3 .0  + O.O7 2 .7  ± 0 .06 Emulsion 10
16.0 Bev 250 k.  1 + 0.1 H2 B.-Ch. 11
100 Bev 13 Nh < 5 9 .0  + 2 .5 Emu Is i on 6
470 ^ B e v 89 Nh -  3 -6 12.7 ±  0 .9 9 -7  + O.7 Emulsion Thi s 
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THE DEPENDENCE OF <  ng >  ON THE INCIDENT ENERGY IN PI ON INDUCED EVENTS
events induced by a H nucleus, i t  was required that there be an6
o
outgoing H nucleus. The m u l t ip l ic i t ie s  o f the events were then
corrected fo r  the presence o f surviving charged nucleons. On the
average, 1.5 tracks were subtracted in the proton induced events and
0 .5  tracks were subtracted in the neutron induced events. The number
of remaining produced mesons is n . The d is tr ib u t io n  of n fo r  them m
13 events which s a t is fy  these conditions is shown in Figure 7 . One
unobserved event has been added to th is  d is t r ib u t io n  to correct
approximately fo r  the requirement, ng >  7, used in most of the
secondary scanning. This correction was made on the basis of the data
on primary events having <  5 and a mean energy of 3500 Bev found by
13Barkow e t  a_l. using a systematic microscope scan of th e ir  stack.
Their data shows that about 119b of these events had n < 6 . Befores —
th is  correction  is applied fo r  the omission of events with ng <  6,
<  n >  = 12. A fte r  th is  correction was applied, <  n >  = 11 ± 1, m r r  ' m 7
where the e rro r  was determined from the standard deviation of the
log n d is t r ib u t io n .  One would expect the value of <  n >  fo r  nucleon- 3 m r m
nucleon c o ll is io n s  to be less than the value given above since the
above value was obtained from nucleon-nucleus c o ll is io n s . Comparison
of th is  value of <  n >  w ith  the values of mean m u l t ip l ic i t y  quotedm
by Barkow e t  a l .  fo r  primary proton and neutron in teractions at 3500 Bev 
shows tha t the value obtained in th is  study is consistent with 15 ± 5 
fo r  events w ith  = 0, but is lower than 20 ± 3 .5  quoted fo r  the
13“^ A. G. Barkow, B. Chamany, D. M. Haskin, P. L. Jain, E. 
Lohrmann, M. W. Teucher, and M. Schein, Phys. Rev. 122. 617 ( 1961) .
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events w ith  <  5* i t  should be pointed out that Barkow e t ad. used 
a r ith m e tic  means and did not correct fo r  the number of surviving  
nucleons.
Table IV gives the values of mean m u l t ip l ic i t y  fo r  a wide range 
of primary energy. The values of mean m u l t ip l ic i t y  in proton— a n t i ­
proton in terac tions  are also included, as are results at accelerator  
14-22energies.
Figure 8 indicates the dependence of mean m u l t ip l ic i ty  on 
inc ident energy. The values p lo tted  are from the data given in 
Table IV.
14S. Goldhaber, G. Goldhaber, W. M. Powell, and R. S ilberberg, 
Phys. Rev. J 2 l ,  1525 (1961).
15R. M. Kalbach, J. J. Lord, and C. H. Tsao, Phys. Rev. 113» 
330 (1959).
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^ A .  B arb a ro -G a lt ie r i , A. Manfredini, B. Quassiati, C. 
Castagnoli, A. G a in o tt i ,  and I .  O r t a l l i ,  Nuovo cimento 21, 467 ( 1961).
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21V. V. Guseva, N. A. Dobrotin, N. G. Zelevinskaya, K. A. 
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TABLE IV
AVERAGE MULTIPLICITIES IN NUCLEON-NUCLEUS COLLISIONS 
AS A FUNCTION OF ENERGY
Energy Number 
of Events
N  ^ Group A rithm etic  Mean 
of ng
Geometric Mean 
of ns
Detector Reference
2.1 Bev i n pp- 3000 2 .6  + 0.1 Carbon-BC lhanni h i la t io n s
6 .2  Bev k2 Nh = ° 1-9 ± 0 .3 Emulsion 15
9-0  Bev 66 Nh < 7 3-0  ±  0 .2 Emulsi on 16
27.0 Bev 870 if.8  ± O .t 3 .8  + 0 .1 Emulsion 17
30 .0  Bev 23k Nh “  1>2 k . k  ±  0 .2 3-^ *  0 .2 Emulsion 18
116 ± 20 Bev k l k .6  ± 0 .2 k . k  ±  0 .2 Carbon-CC 19
167 ± 23 Bev 25 Nh < 5 8 .8  *  1.0 6 .9  *  0 .9 Emulsion 20
300 Bev 56 8 .6  ± O.k 8 .2  ±  0 .5 LiH-CC 21
^300 t  | ? ° °  Bev 8 Nh = 0 15 ± 5 13-^ ± 2 .0 Emulsi on 22
3100 +  j$ >  Bev 13 Nh < 5 13 + 2 11 + 1 Emulsion ThisStudy
too
< n3>
ro —
4 1
+
■ f
o Geometric mean of 
x Ari+hmetic mean of n.
l » l i i i I l I_________l < i l » i I i I_________|_____|___|__I i i i I I_________I_____|___|__I I 1 111_________I_____I___L.
10 IOO KJOO
FIGURE 8
10,000
Ep (Bev’)
THE DEPENDENCE OF <  ng >  ON THE INCIDENT ENERGY IN NUCLEON INDUCED EVENTS
■ • • • ■ 
toqooo
35
As in the case of the pion-nucleus c o l l is io n s ,  the slow r is e  of
mean m u l t ip l ic i t y  w ith  increasing energy is apparent. A dependence 
1/4of <  ng >  on Ep is not in disagreement w ith  the data. A much more
rapid increase of mean m u l t ip l ic i t y  w ith  increasing energy seems to
1/4be u n lik e ly j  however, an increase slower than is not excluded,
since most o f the points would be moved to lower values o f mean 
m u lt ip l ic i t y  i f  they were representative  of pure nucleon-nucleon 
in terac tions . The s im i la r i t y  of the dependences indicated in Figure 
6 and Figure 8 suggest that the pion-nucleon in te ra c tio n  and the 
nucleon-nucleon in terac tio n  are s im ila r  when one considers charged 
p a r t ic le  production.
I I I .  THE SHAPE OF THE MULTIPLICITY FREQUENCY DISTRIBUTION
For both experimental and th e o re t ic a l considerations, i t  seems 
important to determine, i f  possible, the form of the m u l t ip l ic i t y  
frequency d is t r ib u t io n .  Figure 5 shows the ng d is t r ib u t io n  fo r  
the ICEF pi on-induced secondary events. Figure 9 shows the d i s t r i ­
butions obtained a t the accelerator energies o f 27 Bev and 30 Bev
23 24fo r  proton-emulsion in terac tions . ’ I t  appears tha t the d i s t r i ­
butions are not symmetric about th e ir  respective means, but are 
skewed to the r ig h t  in each case. The question of whether the 
d is tr ib u tio n s  can be considered as normal d is tr ib u t io n s  with the 
t a i l  a t  high values o f ng caused by some e f fe c t  such as nuclear
23JA. B a rb a ro -G a lt ie r i , A. Manfredini, B. Quassiati, C. 
Castagnoli, A. G a in o tt i ,  and I .  O r t a l l i ,  Nuovo cimento _2l, 467 ( 1961) .
24J. J.. Lord, p r iva te  communication.
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cascading, or whether the d is tr ib u t io n s  are in t r in s ic a l ly  asymmetric
w i l l  be discussed below. Another in te re s tin g  feature  can be
observed in the ICEF secondary m u l t ip l ic i t y  d is t r ib u t io n . The
number of events w ith  even values of ng are considerably more abundant
than those w ith  odd values of n . This w i l l  a lso be discussed ins
th is  section.
The Symmetry of the P is tr ib u t io n
Since the mean of the charged p a r t ic le  m u l t ip l ic i t y  apparently
increases w ith increasing incident energy, one must consider only
those events a l l  o f which have the same incident energy in discussing
the symmetry or lack of symmetry of the ng frequency d is t r ib u t io n .
Therefore, the ICEF secondary events w i l l  not be used in th is
p a r t ic u la r  discussion even though th e i r  d is tr ib u t io n  appears to be
s im ila r  to the d is t r ib u t io n  obtained from the lower energy accelerator
data. Only the 27 Bev and 30 Bev data w i l l  be considered here.
Since the main point of th is  discussion is to decide whether
the ng d is tr ib u t io n  is symmetric or asymmetric, a comparison w i l l  be
made between only two d is tr ib u t io n  functions: The normal or Gaussian
d is tr ib u t io n  and the d is tr ib u t io n  in which the logarithm of ng is
normally d is tr ib u te d . (Of course, the logarithmic-normal d is tr ib u t io n
is skewed to  the r ig h t  on a l in ea r  s c a le .)
One method of comparing the goodness of f i t  to  the logarithm ic-
normal d is tr ib u t io n  function is to p lo t  the cumulative percentage
25d is tr ib u t io n  on so-ca lled  logarithmic p ro b a b il i ty  paper. The
25A. Hald, S ta t is t ic a l  Theory wi th Engineeri nq Applications  
(John Wiley and Sons, in c . ,  New York, 1952), Chapter V I I ,  p. l 6o.
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points on such a p lo t  w i l l  l i e  on a s tra ig h t  l in e  i f  the d is tr ib u t io n
is logarithmic-normal. However, in view of the e f fe c t  on the shape
of the d is t r ib u t io n  caused by the natural truncation a t  n = 0, th iss
method may be misleading since a truncated normal d is tr ib u t io n  w i l l  
appear to be a skewed d is tr ib u t io n  unless the sample is very large  
and of good q u a l i ty .  Thus, the procedure chosen to decide in favor 
of a normal or logarithmic-normal shape was to f i t  a normal d is t r ib u ­
tion  function curve to both the d is tr ib u t io n  of ng on a l in ear  scale 
and the d is t r ib u t io n  of ng on a logarithmic scale, and then choose 
the d is t r ib u t io n  with the best least squares f i t  as being more 
c h a ra c te r is t ic  o f the data.
The resu lts  of the curve f i t t i n g  procedure are shown in Figure 
10, where the ng d is tr ib u t io n  and the f i t t e d  curves are p lo tted  
together on a l in e a r  scale. In the case of the 27 Bev data, the 
root-mean-square of the deviations from the f i t t e d  curves is smaller 
fo r  the normal d is tr ib u t io n  than for the logarithmic-normal d is t r ib u ­
t io n . However, the d iffe rence  is small and may not be s ig n if ic a n t  
2
since a x tes t  indicates the logarithmic-normal is a more l i k e ly  
f i t .  In the case of the 30 Bev data, both the root-mean-square of 
the deviations and the x  te s t  indicate that the logarithmic-normal 
d is tr ib u t io n  is a b e tte r  f i t .  Hence, i t  appears l ik e ly  that the 
m u lt ip l ic i t y  frequency d is tr ib u t io n  is not a normal d is tr ib u t io n  and 
moreover, i t  is not a symmetrical d is tr ib u t io n  about the mean.
One d iffe rence  exists  between the types of events shown in 
Figure 9 or Figure 10. The events a t 27 Bev have values of <  4. 
Some nuclear cascading could have occurred in these in terac tions .
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The e f fe c t  of such cascading would most l ik e ly  be to increase the
number of events a t  high values of ng. The events a t  30 Bev, however,
a l l  have = 0 and therefore very l i t t l e  cascading. Since the 30
Bev data agrees b e tte r  w ith  a skewed type of d is t r ib u t io n  function
than the 27 Bev data, one should not expect the asymmetrical shape
to be due to an in t r in s ic a l ly  normal d is tr ib u t io n  of n combined withs
the e ffec ts  of nuclear cascading.
The conclusion is tha t the n d is tr ib u tio n s  at f ixed  incidents
energy are probably not symmetrical about the mean. Much more un­
biased data must be obtained, however, before one can say w ith  any 
c e rta in ty  ju s t  what the d is tr ib u t io n  function a c tu a lly  is.
The Excess of Events wi th Even Values of jn
Figure 5, the d is tr ib u t io n  of ng values obtained for the ICEF 
charged secondary events, indicates that the even values of ns are 
more abundant than the odd values. Assuming that the charged 
secondaries are predominantly pions, one would expect the fo llow ing  
reactions to be taking place:
jt + p
+jt + p
jt + n
+jt + n
ng even
 ( "s odd
Since the number of neutrons in emulsion nuclei heavier than hydrogen 
is greater than the number of protons by a factor of 1. 22, one would 
expect the number of events with odd values of ng to be 1.22 times 
the number w ith  even values assuming a l l  c o ll is io n s  are
k l
2&charged-pion-nucleon c o l l is io n s .  The observed r a t io  is
number of even n events
---------------------------- 1------------  = Zi _ 2,6
number of odd ng events 3^
O
A x  test indicates that there is less than 19b p ro b a b il i ty
that the observed r a t io  is a random f lu c tu a t io n  from the expected
ra t io  of . Thus, one must seek some means of explain ing th is
deviation. Assuming the p r in c ip le  of charge independence in strong
in terac tions , one must f in d  a model in which the protons are "more
a v a ilab le "  as targets  than the neutrons by a fac to r of 1.22 x 1.6
= 2 . 0, assuming that only one p a r t ic le  producing in terac tion  takes
place in the ta rg e t  nucleus. I f  successive c o ll is io n s  take place,
the even-odd r a t io  would be a lte red  since, fo r  example, two odd-ng
reactions would give a to ta l  n that is even. The ra t io  of the 3 s
p ro b a b il i ty  that ng is even to the p ro b a b il i ty  that ng is odd can be 
w rit te n  as
Pe
Po
S n.1 k n-k
even k ki (n -k) i*  ^ ^
2 ni k n-k
odd k kJ (n -k ) .'  ^ ^
( - 1) °
(5)
where n is the number of c o l l is io n s  in the ta rg e t nucleus
(n >
k is the number of c o l l is io n s  which produce an even number
o f charged p a r t ic le s  (k <  n),
p is the p ro b a b i l i ty  of the c o l l is io n  giving an even
value o f n , and s’
^ S in c e  these events have values in the range 3 <  <  6 ,
the c o ll is io n s  must not have taken place with hydrogen.
k2
q is the p ro b a b il i ty  of the c o l l is io n  giving an odd
value of n .s
The summation in the numerator is over only the e/en values of k and
the summation in the denominator is over only the odd values of k.
Taking the values of p = 0.^5 and q = O.55 which correspond to the
neutron-proton abundance r a t io  of 1. 22, one obtains the value of
P /P as a function of the number of c o ll is io n s  taking place in the e o 3 r
ta rg et nucleus, n. The re su lt  is that P /P  is , of course, 1 /1 .2 2e o
for a s ingle  c o ll is io n  and is almost exac tly  one for two or more
27c o ll is io n s  in the ta rg et nucleus. Hence, one cannot expla in  the
observed value o f P /P on the basis of nuclear cascading alone.e o 3
Although neutral pions decay with a mean l i fe t im e  of about
“ l 62 x 10 seconds, one could consider these as in te rac tin g  in the 
target nucleus. Then,
n° + p -----► odd nr  s
jt°  + n  ►- even ns
and the roles of the ta rget nucleons are reversed. However, when 
one wri tes
p' « l/3q + 2/3P 
q1 = 2/3q + l/3p
(where p ‘ and q 1 now have the d e f in it io n s  that p and q had previously)  
in accordance with the assumption that in a p a r t ic le  producing 
c o l l is io n
27'A ctu a lly , a weighted mean of 1 /1 .2 2  and 1 should be taken.
Since the.amount of cascading is unknown, one can only say that there
w i l l  be an increase of P /P which could be as much as 20% .e o
one obtains the same resu lt  as before, namely, the value of P /P ise o
e s s e n t ia l ly  one as the e f fe c t  of the cascading increases. Allowing
p
fo r  nuclear cascading, the x tes t  indicates that the p ro b a b il i ty  of
the observed P /P value being a random f lu c tu a t io n  is s t i l l  less e o 3
than 4 % , and the protons are now expected to be "more a v a ila b le "  by
a fac to r  of 1.6  instead of 2.
I t  should be mentioned a t  th is  point that experiments done with
negative pion beams a t  acce lera tor energies also indicate  an excess
28of even-ng events. However, th is  d iffe rence  can be considered as
due to the possible isotopic spin combinations fo r  the pion-nucleon
system and these d ifferences (due to isotopic spin) are expected to
29vanish a t  the energies considered here.
The remaining a lte rn a t iv e  is to construct a simple model in which
protons are more l i k e ly  to be the target nucleons. For the events
considered here, with 3 <  <  6 , one can assume that the c o ll is io n s
take place e ith e r  in the periphery of the heavy emulsion nuclei
( s i lv e r  and bromine) or in any part of the l ig h t  emulsion nuclei
(carbon, nitrogen, Oxygen, and sulphur). Taking R as the radius of
the nucleus, one could consider 2 /3  R <  r <  R as the periphera l region
of the nucleus. Then the cross-sectional area of th is  peripheral part
2
of the ta rg et nucleus is 5/9nR • Using the re la t iv e  percentages of
28V. P e t r iz i lk a ,  Proceedings o f the Tenth Annual Conference 
on High Energy Physics a t  Rochester (In tersc ience Publishers, Inc .,
New York, 19°0), p. 82.
29H. A. Bethe and F. de Hoffmann, Mesons and Fields (Row, 
Peterson and Company, Evanston, I l l i n o i s ,  1955)7 Volume I I ,  p. 60.
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emulsion constituents given by Powell, Fowler, and Perkins
PP
C 1.4 x 10 atoms/cc A = 12
2?N 0.32 x 10 atoms/cc A = 14
Light n u c le i:
0 0.94 x 10 atoms/cc A = 16
PPS 0.014 x 10 atoms/cc A = 32
22Br 1.01 x 10 atoms/cc A = 80
Heavy nuclei:
Ag 1.01 x 10 atoms/cc A = 108
and the to ta l  cross-section = nR^, with R = 1.3 x 10 *3 /^ /3
one obtains
.30
a to ta l  (heavy nuclei periphery) _ . 
a to ta l  ( l ig h t  nuc le i)  “
Since an excess of proton targets must be assumed, one can 
ca lcu la te  the excess proton abundance in the periphera l region 
(defined above) of the heavy nuclei i f  one assumes an equal number 
of proton and neutron targets in the l ig h t  nucle i. That is ,
le t  a  be the r a t io  of the number of protons to the number 
of neutrons in the outer region of the heavy nucle i,  
le t  1 be the same ra t io  corresponding to the e n t ire  volume 
of the l ig h t  n u c le i.
Then
Pe a  PH •" 1 PL
P -1o a  PH + 1-PL
where P  ^ is the p ro b a b il i ty  fo r  in te rac tio n  in a heavy
nucleus periphery, and
R0C. F. Powell, P. H. Fowler, and D. H. Perkins, The Study 
of Elementary P artic les  by the Photographic Method (Pergamon Press, 
New York, 1959), p. 42.
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is the p ro b a b il i ty  fo r in teraction  in a l ig h t  nucleus.
I t  was shown above that P.. = 1-5 P. • Then, since P /P = 1 . 6 ,  oneH L ’ e o ’
obtains, upon solution o f the quadratic equation f o r a ,
a  = 1 .47.
Thus, the observed value of P /P and the assumed size of thee o
periphera l region require in the outer region of the heavy nuclei 
that the proton density be 47°>6 greater than the neutron density.
Since 2 /3  R <  r <  R is c e r ta in ly  not the only choice for the 
periphera l region s ize , a  as a function of f  = r/R  is given below:
f  0 .5  0 .6  0 .7  0 .8  0 .9 1.0
a 1.43 1.45 1.51 1*62 3-20 00
From these resu lts  i t  is apparent that up to f  = 0 .8  the choice of
the s ize  of the periphera l region a ffe c ts  a  very l i t t l e ;  a  remains
about 1-5* At f  values above 0 .8 , however, a  increases very rap id ly
to the point where the outer she ll is purely protonic. Such high
values of f  and a  would probably correspond to values of which
are lower than those considered here; but, a s ig n if ic a n t  proton
excess is s t i l l  indicated fo r  the 3 <  <  6 group.
I t  is in te res tin g  to  note that e a r ly  studies of the nucleon
density d is tr ib u t io n s  in nuclei implied a s l ig h t  excess of neutrons 
31a t  the surface. Recent studies suggest tha t the protons and neutrons 
have s im i la r ly  shaped density d is tr ib u tio n s  near the surface of the
i 32nucleus.
31J See for example: R. D. Evans, The Atomic Nucleus (McGraw-
H i l l  Book Company, In c . ,  New York, 1955)> Chapter I I ,  p. 30. .
OQ
D. L. H i l l ,  Handbuch der Physik (Springer-Verlag, B erl in ,  
1957), Volume XXXIX, p, I 78.
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The conclusion from th is  study is tha t a combination of nuclear 
cascading and a small excess of protons near the nuclear surface 
could produce the excess of even m u l t ip l ic i t y  events which was 
observed i f  one allows for some s t a t i s t i c a l  f lu c tu a t io n . Since the 
question of charge and mass d is t r ib u t io n  in the ta rg e t nuclei is an 
important one, i t  w i l l  be very in te re s t in g  to  look for a s im ila r  
even-odd d isp ar ity  in future experiments on pion-nucleus in terac tions .
The p o s s ib i l i ty  that the p r in c ip le  of charge independence for  
strong in teractions does not hold has not been considered here since 
i t  seems highly u n like ly ; however, th is  would be one way to expla in  
the excess of events with even m u l t ip l ic i t ie s .
IV. DETERMINATION OF THE EFFECTIVE TARGET MASS 
The Calculation o f m*
Recently, several authors have suggested th a t the c o l l is io n  of 
two nucleons a t  high energy can be in terpre ted  as the in te ra c tio n  of 
the "core" of one nucleon w ith  an almost rea l meson from the meson 
cloud surrounding the other nucleon. This viewpoint is a t t ra c t iv e
fo r  several reasons:
■aa
Yajima, S. Takagi, and G. Kobayakawa, Progr. Theoret.
Phys. (Kyoto) 24, 59 ( I9 6 0 ).
34M. Koshiba in Experimental Program Requi rements fo r  a 
300-1000 Bev Accelerator (Brookhaven National Laboratory, 196lJ.
^ E .  Friedlander, Phys. Rev. 127> 247 ( 1962) .  This a r t i c le  
contains additional references.
^ N .  Birger and Y. Smorodin, Nuclear Phys. 3 0 , 350 ( 1962) .
1) i t  helps explain the low p a r t ia l  in e la s t ic i t ie s  observed; 
in p a r t ic u la r ,  the resu lts  of Dobrotin and Slavatinsky  
showing systematic groupings in the in e la s t ic i t y  va lues . ^
2) I t  can account for the asymmetries observed in the angular 
d is tr ib u t io n  o f  the produced p a rt ic le s  in the nucleon- 
nucleon center of mass system and the corresponding 
fluctuations  in the Castagnoli energy estimate about the 
true energy.
3) I t  would be re la ted  to the popular " tw o - f i re b a l l"  model 
of high energy in teractions.
Most discussions of th is  model have been concerned with  nucleon- 
nucleon c o ll is io n s  and the actual in teractions have been considered 
as being one of the following:
Ncore
N — -  it*core
N — ► it' and n — N core core
*    *
N  Ncore core
In th is  study pion-nucleon in teractions are also considered. This 
introduces some s im p lif ic a t io n s  since in using the above model of the 
nucleon, the fo llow ing processes are then the only ones possible:
n ^core
jt » jt*
^ N .  Dobrotin and S. Slavatinsky, Proceedings of the Tenth 
Annual Conference on High Energy Physics a t Rochester ( In tersc ience  
Publishers, In c . ,  New York” 19o0), p. 812.
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The d iv is io n  of the ta rget nucleon in to  a core and a single  
v i r tu a l  meson is probably an o v e r -s im p lif ic a t io n  and the processes 
indicated above are intended to  be i l lu s t r a t i v e ,  only. In the analy­
sis o f the data given here, a more general viewpoint w i l l  be taken.
An attempt w i l l  be made to determine the fra c t io n  of the actual ta rg et  
p a r t ic le 's  mass which is e f fe c t iv e  in the c o l l is io n .  I f  the experimen­
ta l  d is tr ib u t io n s  of th is  quantity  show d e f in i te  peaks a t  ce rta in  
energies, i t  may be th a t  the qu an tity  is a useful parameter for  
c la s s i f ic a t io n  of high energy in teractions  and thus may be useful in 
connecting phenomenological models of the in teractions w ith  experimen­
ta l  information.
The problem is to define a ta rg e t mass analysis which may be 
carried  out using q u an tit ie s  that can be re a d ily  determined from 
emulsion experiments on very high energy nuclear in terac tions .
Consider the c o l l is io n  of an incident meson or nucleon I (having 
mass M|) with a nucleon T (having mass M^ .) which is a t  rest in the 
laboratory system or L-system. Let the C-system be defined as the 
center of momentum system of the p a r t ic le s  produced in the c o l l is io n ,  
that is ,  any re co il or knock-on nucleons are not included, the 
C-system is thus defined in terms of the f in a l  states of the produced 
p a r t ic le s .  The i n i t i a l  states in the C-system w i l l  be described in 
terms of a two-body c o l l is io n  of the p a r t ic le s  i (having mass m.) 
and t  (having mass mt ) .  These p a r t ic le s  w i l l  be considered as some 
kind o f "e f fe c t iv e "  parts of I and T, respectively . I t  w i l l  be 
assumed that i and I have equal v e lo c it ie s  in the C-system, and that  
t  and T also have equal v e lo c it ie s  in th is  sytem. Using superscripts
^9
L and C to re fe r  to the laboratory and C-system, resp ective ly , one 
has fo r  the energy of i in the laboratory system:
Ei = ' V i '  = V  f rc )2  " 1 + ’ ’c f (?c )S  " 1 + (^ )2;l > (6)
and for the energy av a ila b le  for p a r t ic le  production:
wc = mt o | :  + l / f r j j ) 2 “ i + fc1) 2! “ (7)
t
where 7  ^ is the Lorentz factor of I w ith  respect to the L-system,
7  ^ is the Lorentz factor o f the C-system with  respect to the
L-system, and
Sm^ is the sum of the masses of the in terac ting  baryons. 
Appendix D contains derivations of these two expressions.
When 7 q »  these expressions reduce to
mi r l^  ~  ^ t ^ 2 ^
and
WC «  ant 7  ^ . (9)
The in varian t mass, Mr , of the system composed of the p a r t ic le s  
radiated in the c o l l is io n  is given by
SEL
Mr = \Z(SE.)2 -  (5 p .)2 = ?EE = - L i  ,
» J J J J J J
( 10)
t  hwhere Ej and pj are the energy and momentum of the j  radiated  
p a r t ic le .  Taking K, the in e la s t ic i ty ,  to  be the f ra c t io n  o f the 
a va ilab le  energy appearing as energy of the produced p a r t ic le s ,  one 
has
Mr = KCWC = 2KCmt (7 ^). (11)
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Let the e f fe c t iv e  ta rg e t mass be defined as
mt =
Then
*  Mr 
mt = “ '
or I
mt = J— i ~2  •£(rcL)2
One can also find  an expression fo r  m" in the m irror system 
(M-system) in which I is a t  rest and T has Lorentz factor 7 ^. (in  
the above equations simply change L to M and reverse m. and m^.) 
Then Eqs. (10) and (11) are
£EM M„C ■ '
or
Using
then
Now s i nee
then
a v r  = V  , (14)
s e m
mi = — c"J M g  * ^
' 2K (7^)
0 / „C
*  r C (7C} mi n n
mt = t =  L  ( I d )
r,
SE?
ml -  V  ‘ 07)
7,
= M l 7 \ ,  (18)
*  Se?m
T^ E
-  = J—i  w , (19)
T
M
where K is the in e la s t ic i t y  in the M-system.
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A s im ila r  expression fo r the e f fe c t iv e  incident mass
m? = kSti. (20)
can also be derived from considerations of symmetry. The re s u lt  is
*  t*cL m. &E.
r  =  • <2 »n | E j-
The w e ll known s t a t i s t ic a l  theories of p a r t ic le  production may 
be compared with the above approach in a simple w a y . ^ ' ^  The 
s t a t i s t ic a l  theories pred ic t a dependence of m u l t ip l ic i t y  on av a ila b le  
energy as:
ns = kMJ/2  = k(an* 7 £ ) 1 /2  (22)
n2
m t = ““ I t  * (23)2k27cL
where k is a p ro p o rtio n a lity  constant determined from the experimental 
resu lts  on the v a r ia t io n  of <  ng > w ith  incident energy and from the 
experimental values fo r  <  ng >  in proton-anti proton a n n ih i la t io n .
The value o f k is about 3*^*
I f  the s t a t is t ic a l  theory is in agreement with the viewpoint 
presented here, then there should be s im ila r  groupings in the m“ 
d is tr ib u t io n s  obtained from .
1 2 <rc>2
^ E .  Fermi, Progr. Theoret. Phys. (Kyoto) 57° (1950)*
^ L .  Landau, Doklady Akad. Nauk S. S. S. R. 12, 51 (1953) - 
ZfOThis value o f k can be determined from data given in the 
references l is te d  in Table IV when the t o t a l l y  in e la s t ic  proton- 
antiproton m u l t ip l ic i t y  is used to normalize the m u l t ip l ic i t ie s  at  
higher energies. See also: M. Koshiba in Experimental Program
Requirements fo r £  300"1000 Bev Accelerator (Brookhaven National 
Laboratory, 19^1).
These q u an tit ies  must now be determined from the experimental 
information a va ila b le  fo r  a given event; namely, the laboratory system 
angular d is tr ib u t io n  of the produced p a r t ic le s .
Under the assumptions ( i )  that the center of momentum system of 
the produced charged p a r t ic le s  is the same as the center of momentum 
system fo r  a l l  p a r t ic le s  (the C-system) and ( i i )  that there is forward- 
backward symmetry of the angular d is tr ib u t io n  of the produced charged 
p a r t ic le s  in the C-system, one may apply the Castagnoli formula given 
in Chapter I in estim ating I t  is important to remember that here
the symmetry assumption does not apply to the center of momentum 
system of I and T.
The use of the Castagnoli formula ( fo r  the C-system) requires  
the fu l f i l lm e n t  of two conditions: (a) The spectrum-independent-
approximation must hold, and (b) there must be very l i t t l e  e f fe c t  due 
to  cascading in the ta rg e t nucleon or nucleus. Since these requirements 
are not f u l l y  s a t is f ie d ,  one must apply average correction factors  
to 7  ^ which are determined from studies o f  nucleon-nucleon c o ll is io n s  
a t  a known energy (accelerator data and cosmic ray data where the 
incident energy was r e l ia b ly  determined by re la t iv e  scatte ring  measure­
ments or by the use o f the ion ization  c a lo r im e te r) .  These correction  
factors can be applied separately fo r low and high groups of events 
to account for conditions (a) and (b) not being e n t i r e ly  s a t is f ie d .
Under the above assumptions and w ith  the use of the average 
correction fac to rs , one obtains 7^ from the laboratory angular d istri**  
bution of the produced charged p a r t ic le s .
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The qu an tity  2 e!t can be obtained from the angular d is t r ib u t io n ,
j  J
a lso, using the observed constancy of the mean value of transverse
4 lmomentum, <  pt >  = 0 .4  Bev/c. The quantity  E ^ ,  defined previously,  
is the value o f Ze !t when only the charged p a r t ic le s  are considered.
j  J
To account fo r neutral produced p a r t ic le s ,  assume the same energy
spectrum a t  production fo r  both charged and neutra l p a r t ic le s ,  then
.L
j  'J
SET = f  x Ech,
where f  -  num*3er produced p a r t ic le s _____
number o f produced charged p a r t ic le s
The value of f  is determined from two q u an tit ies  R and Q, defined as
^ _ number o f neutra l pions produced
number of produced charged p a r t ic le s
anC* 0 number of in teractions  by neutral p a r t ic le s
number o f in teractions  by charged p a r t ic le s
Assuming the same mean-free-path fo r  in te ra c tio n  for neutra l and
charged p a r t ic le s ,
Q _ number o f long-lived  neutra l p a r t ic le s  produced 
-  number of charged p a r t ic le s  produced
The values of R and Q, have been determined in various emulsion
1+2
experiments and are
R = 0.40 ± 0.03 and Q. = 0 .24 ± 0.04.
Then
f  = 1 + R + Q. = 1.64.
Thus, 2 e !t w i l l  be taken as equal to 1.64 E , . 
j  J ch
The q u an tit ie s  y\. and ?E*T can now be determined from the 
C j  J
experimental information a v a i la b le  in emulsion studies of cosmic ray
41 M. Koshiba in Experimental Program Requi rements fo r a 
300-1000 Bev Accelerator (Brookhaven National Laboratory, T§6 l7 .
42,Ib id .
#c
je ts  and thus m^  can be ca lculated fo r  the events using Eq. (13)*
Furthermore, i t  can be seen from Eq. (19) that i f  M^ . is assumed to
M *be the nucleon mass, K can be re a d ily  obtained from mt .
'V M
I t  has been shown that the determination of m^  (or K ) does not 
require the use of the energy of the incident p a r t ic le ,  E^, an
important consideration in cosmic ray experiments. In studies where
L LEj is khown, m*. (or K when the value of M| is assumed) can be
I LI
determined using Eq. (21). The importance of K — K plots has been
Lo
pointed out by Dobrotin and Slavatinsky. J
The features of high energy in teractions l is te d  a t  the beginning 
of th is  section can be explained on the basis of th is  model. In te r -  
actions involving low m? values and higher m“ values w i l l  have an 
angular d is t r ib u t io n  that appears asymmetrically backward in the
..t*
center of momentum system of two c o ll id in g  nucleons. High m? and low
Vc
m^  values would give a forward asymmetry in such a Lorentz system.
Thus the large asymmetries observed in the center of momentum system
of two in te ra c tin g  nucleons are understood w ith in  the framework of
th is  model. A simultaneous occurrence of these two types of c o ll is io n s
would correspond to the two-centered events which led to the develop-
44 45ment of the " tw o - f i r e b a l l"  model of high energy in terac tions . 3 
Since an assumed small f ra c t io n  of the incident nucleon's mass is
43 N. Dobrotin and S. S lavatinsky, Proceedings of the Tenth 
Annual Conference on High Energy Physi cs a t Rochester (In terscience  
Publishers, In c . ,  New York] 19o0), p. 812.
44 P. Ciok, J. Coghen, J. G ieru la , R. Holynski, A. Jurak, M. 
Miesowicz, J. Saniewska, and J. Pernegr, Nuovo cimento _10, 741 (1958).
^ G .  Cocconi, Phys. Rev. I l l ,  1699 ( I 958) .
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involved in the c o l l is io n  and the remainder survives the in te ra c tio n  
w ith  l i t t l e  change of v e lo c ity ,  the p a r t ia l  in e la s t ic i t y  is accounted 
fo r .
I t  has been suggested that the recently  discovered pion resonant 
states play an important ro le in very high energy in tera c tio n s . The 
proper app lica tion  of th is  model could help decide i f  th is  hypothesis 
is correc t, as w e ll as suggesting which of the resonant states is
responsible fo r the in terac tions .
The m” P is tr ibu tion s
The experimental d is tr ib u t io n s  of m" w i l l  be given to i l lu s t r a te
the use o f the model.
The quantity  m" was calculated fo r  the 89 charged induced
secondary events having 3 <  <  6 and for the 18Y events from the
30 Bev proton-emulsion study having = 1,2. The d is t r ib u t io n  of
m" calcu lated  using Eq. (13) is shown in Figure 11 in histogram form
and as an ideogram. The values of m^  >  1 .2  Bev are not shown since
there are no peaks in th is  part o f  the d is tr ib u t io n  and since such
rrTj. values do not correspond to f ra c t io n a l parts o f the nucleon mass.
They probably ind icate  that several ta rg et nucleons were involved in
the c o l l is io n .  The corrections necessary to account for nuclear
cascading and the f a i lu r e  of the spectrum-independent-approximation
k6are n e g lig ib le  fo r  th is  group. The d is tr ib u t io n  shown in Figure 11 
k6The data of E. Lohrmann, M. Teucher, and M. Schein, Phys.
Rev. 122. #72 ( 1961) were used in ca lcu la tin g  the r a t io  of the Castagnoli 
energy to the true energy for 16 events having ns > 7 . The r a t io  was 
found to be 1.01 on the average.
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gives te n ta t iv e  evidence for peaks a t various low values but, i t  
is important to remember that the resolution of the m^  ca lcu la tio n  
is not known and the in te rv a l used in the Figures may w ell be too 
small. For comparison, the d is tr ib u t io n  of m* calculated from Eq. (23) 
(the s t a t i s t ic a l  theory predictions on m u l t ip l ic i t y )  is shown in 
Figure 12. Here, the evidence for grouping in the m“ values is 
somewhat more convincing, but is s t i l l  questionable due to the 
uncertain reso lution.
The d is t r ib u t io n  of m* fo r the 30 Bev proton-emulsion in teractions  
is shown in Figure 13. The expression used to ca lcu la te  m“ has been 
m u lt ip lied  by 1.29 to bring the mean energy determined from 7  ^ in to  
agreement with 30 Bev. No c le a r ly  defined peaks can be said to appear 
among the mt values. One can conclude tha t has, on the average, 
values of about 0 .3  to 0 .^  Bev in both sets of data. ' A short­
coming of the data samples given here is that surviving and knock-on 
nucleon tracks were not system atically  e lim inated. This subtraction  
is necessary i f  one expects r e l ia b le  results  from the model, but the 
id e n t i f ic a t io n  of these tracks is a d i f f i c u l t  task. I t  is f e l t  that  
one should not draw conclusions on the nature of m* from the d is t r ib u ­
tions presented here. The d is tr ib u tio n s  are presented p a r t ly  to 
i l lu s t r a t e  the use o f the model and p a r t ly  to see i f  very obvious 
peaking occurs.
Z17
'R. Sett les  has constructed a Monte Carlo model fo r  generating  
a r t i f i c i a l  events. The m* analysis applied to his events gives p re l im i­
nary evidence for peaking a t about 0 .2  Bev. Thus, in a proper analysis  
of m*, peaks found a t 0 .2  Bev could not be considered as new information. 
However, peaks found a t experimental values which have no corresponding 
peaks in the Monte Carlo sample would be re lated  to a physical e f fe c t .  
This study is continuing and may, in add it ion , give some indication of 
the reso lution o f the m't values.
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The model i t s e l f  appears to m erit  more consideration, however.
As pointed out e a r l ie r ,  i t  includes in its  development several 
features of high energy in teractions which have been observed and 
some which are predicted. When a large and s u itab ly  treated data 
sample is av a i la b le ,  the use of this model might possibly give very  
in te re s tin g  resu lts  concerning the nature of the high energy in te ra c ­
t io n  process and, indeed, the s tructure  of the nucleon i t s e l f .
CHAPTER I I I
CONCLUSIONS OF THIS STUDY AND 
POSSIBILITIES FOR FUTURE EXPERIMENTS
In th is  study, four topics were investigated which were concerned
with the nature of the very high energy in terac tion  process. The
value of <  K  ^ >, the mean fra c t io n  of the incident energy which
appears a f te r  an in te ra c tio n  as the to ta l  energy of the produced
charged p a r t ic le s ,  was found to be O.35 + O.O5 . The v a r ia t io n  of
<  ng >  with incident energy fo r proton-emulsion in teractions and
pion-emulsion in teractions  was shown to be <  n >  = k E1' where r s
T) ;$ 0.25- I t  was found tha t the d is tr ib u t io n  of ng a t  fixed energy
is probably asymmetric about the mean. An in teres tin g  d is p a r ity  in
the number of events with even n and with odd n was observed ands s
reasons fo r  th is  in eq u a lity  were suggested. One explanation would 
require an unexpectedly high proton density near the surface of the 
nucleus. F in a l ly ,  a method to determine the e f fe c t iv e  ta rg et mass 
involved in very high energy in teractions was developed.
With each of the four topics discussed in Chapter I I ,  an attempt 
was made to develop a method of analysis which would be applicable  to  
fu ture  experiments on cosmic ray in teractions as w ell as to give 
resu lts  from the present study.
Recently, an emulsion stack with the same size as the ICEF stack 
was exposed for 38 hours above 110,000 fee t a l t i tu d e .  This stack, 
known as the Brawley stack, has an extremely high q u a l i ty  exposure
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and the number o f events found in this new experiment should be about
four times the number found in the ICEF stack. This means tha t about
1500 secondary in terac tions  w i l l  be a v a ila b le  fo r the type of analysis  
done here. The resu lts  cf the Brawley stack should be of great 
importance in the study of very high energy in terac tions . I t  is 
hoped that the methods of analysis used in th is  study w i l l  f ind
app lica tion  in the analysis of the Brawley events.
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APPENDIX B
E -  E , CORRELATION PLOTS c cn
In any attempt to e x trac t information from a comparison of Ec 
and E  ^ fo r  a sample of high energy events i t  is necessary to remember 
that these q u an tit ies  are not independent since they are both 
calcu lated  from the laboratory system angular d is tr ib u t io n  of the 
produced charged p a r t ic le s .
Eqs. (2) and (3b) in Chapter I may be rew ritten  as follows:
(0 .4  Bev)ng
^ch 3 <s i n 0 . >  .1 Harmonic Mean
and
f  -  2M
c <tan 0 . >2 .1 Geometric Mean
I f  one takes
<  s i n 0. > u . u = C <  tan 9 . >  .1 Harmonic Mean 1 Geometric Mean
then
E . ^ t ^ s . 1 /2
L I ■* U •
ch C\/2M c
From the data on the in teractions  of 30 Bev protons in emulsion
as w ell as from the ICEF data, i t  appears that C has a weak
_0. 14
dependence on ng (C ~  ng ’ ) with values of C ranging from 0 .6  to
1.0 .
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APPENDIX C
AN ESTIMATION OF THE NUMBER OF TERTIARIES 
ACCEPTED AS SECONDARIES
To estimate the number of t e r t i a r y  in teractions  which might have 
been included in the sample of "secondaries", the fo llow ing simple, 
one dimensional ca lcu la t io n  was performed:
Let n be the number of secondary p a r t ic le s  in the scanned 
cone,
nt  be the mean number o f t e r t i a r y  in teractions  in the 
scanned cone per secondary in te ra c tio n ,
x be the distance from the primary event o r ig in  to  
the o r ig in  of a secondary event,
x ' be the distance from the primary event o r ig in  to  
the o r ig in  of a t e r t i a r y  event due to a p a r t ic le  
coming from the secondary in terac tion  a t x.
L be the length along the primary event axis scanned 
fo r  "secondaries",
j-  be the in te rac tio n  mean-free-path of the secondary
and te r t ia r y  p a r t ic le s .
Then the fra c t io n  of t e r t i a r y  p a r t ic le s  which w i l l  have 
in teracted w ith in  a distance L from the primary o r ig in  is
f  r L d x ' fX' - 4  dx
f = nsnt / 0 T  T
_L
= ngnt [ 1 -  e *  + 1) 1 -
Figure Ik  shows the graph of th is  fra c t io n  as a function of L, 
where has been taken as 30 cm.
For example, a t  a distance of 20 cm. the f ra c t io n  of t e r t ia r ie s  
which have already in teracted is 1 k°/b.
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FIGURE 14
THE TERTIARY CONTAMINATION AS A FUNCTION OF 
SCANNED LENGTH —j  o
APPENDIX D 
DERIVATION OF THE ENERGY EQUATIONS
The expression
Ei = " v l  = " t 1 i7 c)S  ■ 1 + ’ ’c V <rc ,a  ■ 1 + 1 <6 )
is derived as follows:
The to ta l  energy may be w r it te n  as
r L  , _L L /pC pC^
Ei + Et  = i + Et>
then
L j. L / cC . L\ L ,  11 / dCx2 ^ 2 ^  Lx
mi7'i + mt = i + V c * = 7C( V (PI } + mi + V c 5
or
V l  + mt = rc( K >2 + mf + V c 1 = ’’c1 Vmf (rc>2 - ">( + rnf + „tr£>.
Now
Ei = V i  = mJ  <rcL) a '  11 + ?c ^ c )2  ‘  1] + (W^ )2  '
and f in a l ly ,
Ei = " V i  = mt [ ^ c )2  '  1 + 7 c ^ ( r c)2  ■ 1 + (W^)2  ] •
The expression
Vc -  mt [ 7 E + i/(7c) 2 -  1 + ( - ^ ) 2 ] -  2mb (7)
is derived as follows:
The energy av a ila b le  in the C-system is
pC ±  -C  „  tJCE. + E. -  Zm, = W i t  b
or
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WC = + ^( P? )2 + m2 -  2mb
= mt7c + ^ )2 + mf  “
L . l/zr-Cv 2  2  , 2 „
= V c  + V(Et } " mt + mi "
= mt 7 E + ]jm^[ (y E) 2 -  l ]  + m2 -  Zmb ,
Then
w c  =  +  ]j ( 7 q ) 2  -  1 +  ( ^ ) 2 1 Em, . b
In the above derivations the fo llow ing re la t io n s  are used:
P f - P j
C L
*t = 7c •
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